Why Do Black--Hole X-ray Binaries Tend to Be Transient? by Lasota, Jean-Pierre
ar
X
iv
:a
str
o-
ph
/9
91
11
43
v1
  9
 N
ov
 1
99
9
Why Do Black–Hole X-ray Binaries
Tend to Be Transient?
Jean-Pierre Lasota
Institut d’Astrophysique de Paris
98bis Bd Arago, 75014 Paris, France
Abstract. Black hole X–ray binaries are transient probably because their discs
are subject to the same thermal–viscous instability which is present in dwarf nova
binary systems. I discuss applications of the dwarf–nova instability model to tran-
sient, low–mass, X–ray binary systems. When disc truncation and X–ray irradiation
are taken into account this model is capable of reproducing the basic properties of
X–ray binary outbursts ([3]).
1 The thermal–viscous instability
All Low Mass X–ray Binaries (LMXBs) in which the presence of a black hole
is inferred from dynamical mass determination are transient. This could mean
that all Black Hole LMXBs (BHLMXBs) are transient, but there could be
non–transient systems in which black holes have masses in the range allowed
for neutron stars. For this reason it is more prudent to say that BHLMXBs
‘tend’ to be transient (as suggested by the organizers of this meeting) rather
than to affirm that all of them are transient.
The responsibility for outbursts in low mass, close binary systems is com-
monly imputed (e.g. [22]) to the usual suspect: the thermal–viscous instability
present in discs of a subclass of cataclysmic variable stars: the dwarf–nova
systems. There, for temperatures corresponding to hydrogen recombination,
changes in opacity (emissivity) strongly affect cooling mechanism dependence
on temperature and lead to a thermal instability under the standard assump-
tion about viscous heating. This instability is intimately related to a viscous
instability. A disc’s thermal equilibria, at a given distance from the center,
form a characteristic S shape in the surface density – effective temperature
plane. The middle branch of the S corresponds to unstable solutions, the
upper one to hot, almost fully ionized configurations, while the lower branch
contains cold, quasi–neutral states. (The existence of the cold branch does
not depend on the presence of convection, contrary to erroneous assertions
in recent lectures on the subject [18]. In fact some attempts to modify the
viscosity prescription required switching off the convection in order to get a
sufficient amplitude of the jump between the cold and hot branches [2]). If the
rate at which the mass is transferred from the black–hole’s stellar companion
is such that the disc is (somewhere) unstable, a limit cycle behaviour will
follow taking the system through a cycle of oscillations between hot and cold
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states. Such a cycle is supposed to explain dwarf nova and transient LMXB
outburst cycles.
The instability and the limit cycle do not, by themselves, produce out-
bursts similar to the ones observed in dwarf novae and transient systems. The
thermal instability creates temperature gradients which propagate through
the disc in the form of heating (transition to the hot branch) and cooling
(transition to the cold branch) fronts. The form of the resulting luminosity
variations depends on what is assumed about the viscosity or, more pre-
cisely, what is assumed about the viscosity parameter α appearing in the
kinematic viscosity prescription ν = αc2s/ΩK , where cs is the speed of sound
and ΩK is the Keplerian frequency. Is α is assumed to be constant, then,
because of insufficient temperature and density contrasts between the cold
and hot states, the resulting light–curve has the form of regular, small ampli-
tude outbursts with no resemblance to dwarf–nova outbursts or X–ray binary
transient events. In order to obtain dwarf–nova type outbursts the viscosity
parameter α must be assumed to be larger in the hot than in the cold state
[24]. This einsatz has not been, for the moment, based on any model of viscos-
ity, although a recent argument in favour of different values of α in hot and
cold states [8] is based on such a model (beware, however of the erroneous
interpretation in [18]: it applies hot equilibrium disc solutions to describe the
properties of a cold non–equilibrium disc!).
The assumption of a jump in the α value, however, does not suffice to
reproduce observed properties of outbursts in close binary systems and ad-
ditional physical effects have to be added to the ‘pure’ disc instability model
(see e.g. [26][10]). Some of these effects, such as inner disc truncation [19][20]
and disc X–ray irradiation [3][4], which are important for low mass X–ray
transients, will be discussed in this article.
Figure 1 shows that the parameters of all BHLMXBs put them well below
the limit for the disc thermal stability. Here I used the stability criterion
for X–ray irradiated discs as proposed by Jan van Paradijs [27]. Irradiation
(discussed in Sect. 3) of the outer disc by accretion–produced X–rays from
the inner disc gives a stability criterion which can be expressed in the form
([4], [16]):
M˙transf > M˙
irr
crit ≈ 2.0× 10
15
(
M1
M⊙
)0.5(
M2
M⊙
)−0.2
P 1.4hr
×
(
C
5× 10−4
)−0.5
g s−1 (1)
where M˙transf is the mass–transfer rate, M1 is the black hole mass, M2 is
the mass of the companion, Phr the orbital period in hours. C is a parameter
describing effects of irradiation (see [4]). Systems satisfying condition (1) are
stable.
However, systems with M˙transf < M˙
irr
crit
are not necessarily unstable. In
fact BHLMXBs are well below the stability limit (lower than one would expect
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from evolution models [19]). They are close to the stability limit for cold discs
if their discs are truncated in the inner regions. There are several arguments
in favour of such a truncation.
2 The necessity of truncation
According to the model quiescent accretion rate must everywhere satisfy the
condition ([12]):
M˙(r) < M˙cold = 9.5 10
15 α0.01
(
M1
M⊙
)−0.89(
R
1010 cm
)2.68
g s−1 (2)
For a disc extending down to the last stable orbit and typical parameters,
this predicts quiescent accretion several orders of magnitude lower than ob-
served ([15]). A disc truncated at 103−104RS (where RS is the Schwarzschild
radius) will solve this problem, in particular if the inner ‘hole’ is filled by an
Advection Dominated Accretion Flow (ADAF) (e.g. [23], [11], [6]). For such
truncation radii, what is left of the disc could be cold and stable as shown by
Fig. (1) (where the truncation radius is scaled by the circularization radius).
Also, if we take into account irradiation, disc truncation is necessary in order
to obtain the light–curves required by observations ([3]).
3 Effects of irradiation
There is overwhelming evidence that discs in LMXBs are strongly X–ray
irradiated ([28]). In outburst, a disc’s optical emission is due to X-ray re-
processing. As mentioned above, irradiation modifies the stability criterion.
It also affects all the properties of the outburst cycle. Its main effect is to
retard the propagation of the cooling front, leading to an exponential decay
in the light–curves ([14]). An example of this effect is shown in Fig. (2). A
systematic study of irradiation effects will be presented in Dubus et al. [3].
It appears that most of the fundamental properties of at least one class of
LMXB transient systems can be reproduced by the model if both trunca-
tion and irradiation are taken into account. The transient systems concerned
are those with a fast-rise exponential decay (FRED) light curves. (See next
section for the discussion of recurrence times).
In systems with more complex forms of light–curves one should also take
into account (the observed) irradiation of the secondary ([7],[5]).
4 Recurrence times
Compared with most dwarf novae, black hole X–ray transients have very
long recurrence times (> 30 years). These also seem to be longer than the
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Fig. 1. Stability criteria for accretion discs in black–hole low–mass X–ray binaries.
The mass–transfer rate is estimated by dividing the mass accreted during outburst
by the recurrence time. This mass accumulation rate might be slightly lower than
the actual transfer rate[19]. Since, except for two systems, only the lower limits
on recurrence times are known, we have, for most systems, only the upper limits
on the mass accumulation rate. All these systems are well below the upper line
corresponding to stable irradiated discs but are rather close to the stability limit
for truncated discs, represented here by two lines corresponding to truncation radii
Rin = 0.1 and 0.2Rcirc, where Rcirc is the circularization radius. Data is taken from
ref. [19]. Two values are given for GRO J1655-40: the higher one corresponds to the
1996 outburst (see [7]). The dotted line marked ‘Edd’ corresponds to the Eddington
accretion rate M˙Edd = LEdd/0.1c
2 for 6M⊙.
recurrence times of neutron star transients. Very long recurrence times can
be due to several effects. First, truncated discs in these systems could be
cold and stable (Fig. (1) and outbursts due to (upward) fluctuations of mass
transfer. The recurrence time then would correspond to some cycle in the
secondary star. Such a model was proposed for the dwarf nova WZ Sge,
whose recurrence time is ∼ 30 years [17][9].
Second, the inner truncation radius can be such that the disc is marginally
stable (see Fig. (1). Since for a stable disc the recurrence time is infinite, for
a given mass–transfer rate one can always fine–tune the inner disc radius so
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Fig. 2. Examples of lightcurves obtained in the disc instability model for truncated,
non–irradiated (upper panel) and irradiated (lower panel) discs in black–hole low–
mass binaries. In the non–irradiated case the cooling front rapidly propagates in-
wards, whereas irradiation postpones propagation of this front as suggested in [14].
As a result the light curve is close to exponential, outbursts lasts longer and more
mass is drained from the disc.
that the recurrence time is arbitrarily long (see e.g. [20]. This is for example
the case of the model proposed in [21]. Such an assumption is, however,
equivalent to assuming global stability because the fine tuning would be at
the mercy of even very small fluctuations of mass transfer.
Two other possibilities can be described by using an approximate formula
for the recurrence time (see [25][20])
trec ≈ 3
(
ξ
3
)(
M1
M⊙
)0.62(
R
1010 cm
)0.14 (αcold
0.02
)−0.83( Teff
3000 K
)−4
yr (3)
where Teff is the disc effective temperature, αcold is the viscosity parameter
in quiescence and ξ is a factor (3 - 5) taking into account the fact that the
quiescent disc is not in viscous equilibrium[13]. In a quiescent disc Teff is
almost independent of the radius (this is not the result of low viscosity in
quiescence, contrary to the erroneous assertions in [18]).
We can see that if we assume αcold ≈ 10
−3, Eq. (3 gives recurrence times
longer than tens of years. This assumes that the quiescent effective tem-
perature is not lower than 3000 K. In non– irradiated discs this is indeed
the case (note that irradiation is important only during the outburst) and
only by lowering αcold can one obtain long recurrence times [20]. Irradiation
during outburst, however, allows one to drain more mass before the cooling
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front brings the disc into the cold state. As a result quiescent temperatures
are lower than in the non– irradiated case: Teff ∼< 2000 K and accordingly
recurrence times are longer [3].
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